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EFFECT OF LEAF ROLLING ON GAS EXCHANGE AND LEAF TEMPERATURE 

OF ANDROPOGON GERARD11 AND SPARTINA PECTINATA 

SCOTT A. HECKATHORN AND EVAN H. DELUCIA 

Department of Plant Biology, University of Illinois, Urbana, Illinois 6 180 1 

We examined the effect of leaf rolling on CO, and water vapor exchange of two C, prairie grasses with 
contrasting patterns of leaf rolling. Andropogon gerardii (big bluestem) is a drought-resistant species with 
predominantly hypostomatal leaves that fold (adaxial surface inward) in response to low leaf water 
potential, while leaves of Spartina pectinata (prairie cordgrass), a mesic species, are epistomatal and roll 
into spirals (also adaxial surface inward). Adaxial stomata of both species are closed in completely rolled 
or folded leaves; thus these leaf movements have a minor effect on total leaf conductance. Energy budget 
calculations indicate that leaf rolling reduces transpiration by 7%-13% in water-stressed plants by lowering 
leaf temperature and, therefore, leaf-to-air vapor pressure deficit. This reduction is small relative to the 
direct effect of stomatal closure on transpiration. However, small decreases in transpiration, leaf tem- 
perature, and incident irradiance associated with leaf rolling may decrease the potential for photoinhi- 
bition, prolong physiological activity, and increase survival during drought. 

Introduction 

Leaf movements are common adaptive re-
sponses to water stress in plants and are im- 
portant in reducing incident irradiation, leaf 
temperature, and transpiration (BEGG 1980; 
EHLERINGER 1980). Such responses and FORSETH 
include the heliotropic leaf movement observed 
in many desert species (EHLERINGER and FORSETH 
1980; FORSETH and EHLERINGER 1983) and leaf 
rolling in grasses (REDMANN 1985). Leaf rolling 
decreases transpiration through changes in leaf 
conductance and "effective" (displayed or pro- 
jected) leaf area (BEGG 1980), though it has been 
argued that the most important effect of leaf roll- 
ing is reduction of leaf temperature via decreases 
in incident irradiation (RIPLEY and REDMANN 
1976). The effect of leaf rolling on transpiration 
(E) may vary among species and is dependent on 
stomatal distribution and the degree and pattern 
of stomatal opening in rolled leaves. 

REDMANN(1985) presented a conceptual mod- 
el describing stomatal behavior as leaves roll; 
however, empirical studies of the effect of leaf 
rolling on gas exchange have been rare. OP-
PENHEIMER (1960) reported large decreases in E 
due to leaf rolling in Mediterranean and Saharan 
grasses. O'TOOLE and CRUZ (1979) observed a 
decrease in E in artificially rolled well-watered 
rice leaves, and the effect of rolling became more 
pronounced as wind speed increased. They sug- 
gested that leaf rolling may augment stomatal 
closure in reducing water loss. Most studies of 
water-stress effects on gas exchange in grasses have 
disregarded changes in effective leaf area and 
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boundary layer thickness following rolling when 
calculating fluxes of water vapor and CO, (e.g., 
REDMANN197 1 ;BROWNand TRLICA 1977; KEMP 
and WILLIAMS 1980; BARNES 1985; KNAPP 1985). 
Furthermore, the effect of rolling on total leaf 
conductance to water vapor in drought-stressed 
plants has not been examined, and the common 
assumption that rolling functions to reduce water 
loss during drought has not been demonstrated 
experimentally. 

The purpose of this study was to determine 
how leaf rolling affects gas exchange in water- 
stressed Andropogon gerardii Vitman (big blue- 
stem) and Spartina pectinata Link (prairie cord- 
grass). These species are common C, grasses 
native to tallgrass prairie but have contrasting 
patterns of leaf rolling. 

Material and methods 
Seeds of Andropogon gerardii Vitman and 

Spartina pectinata Link from the Konza Prairie 
Research Natural Area (Manhattan, Kans.) were 
germinated in 15-cm plastic pots containing soil, 
peat moss, calcite clay, and perlite (2: 1.5 :1:1, 
v/v). Andropogon gerardii, the dominant grass in 
most tallgrass prairies (WEAVER and FITZPATRICK 
1932), is relatively drought-resistant (KNAPP 
1985) and has predominantly hypostomatal leaves 
(KNAPP and GILLIAM 1985) that fold in response 
to water stress (fig. 1). Spartinapectinata, a mesic 
species primarily restricted to moist swales 
(WEAVERand FITZPATRICK 1932), is epistomatal, 
with stomates located in deep longitudinal fur- 
rows on the adaxial surface of the leaf (personal 
observation). Leaves of S ,  pectinata roll into tight 
spirals in response to water stress (fig. 1). 

Following germination, plants were thinned to 
one per pot and grown in a glasshouse under ca. 
28 C day and 20 C night. Supplemental lighting 
from m u l t i v a ~ ~ r  HID lamps was used to imrease 
irradiance and extend the photoperiod to 14 h. 
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Andropogon gerardii Spartina pectinata 

l+l<-2.8MPa l+l < -3.0 MPa 

FIG. 1.-Illustrations of transverse sections of open and 
rolled leaves of Andropogon gerardii (left) and Spartina pec- 
tinata (right). Open leaf width is 1.0 cm for A. gerardii and 
1.5 cm for S. pectinata. Leaves are shown in their natural 
orientation. 

Maximum irradiance at pot height ranged from 
700 to 1,800 ELmol m-2 s-I (PPFD). Plants were 
watered daily and fertilized biweekly with either 
a commercial NPK (1 2: 3 1 :14) fertilizer or a com- 
plete nutrient solution (EPSTEIN 1972). 

After 9 wk, plants were transferred to a growth 
chamber where temperature and photoperiod 
were maintained as above. Relative humidity was 
50% and irradiance at canopy height was 500- 
600 pmol m-2 s-l. Two weeks later a drought was 
initiated by decreasing daily watering to an 
amount sufficient only to moisten the soil surface. 
Water was not completely withheld, to ensure a 
gradual drought. 

Net carbon assimilation (A) and E were mea- 
sured daily throughout the drought using a por- 
table, open-flow, infrared gas-analysis system 
(model LCA-2, Analytical Development Co., En- 
gland). The CO, concentration of air entering the 
leaf cuvette was maintained at 350-360 cm3/m3 
by mixing compressed air and 1% CO, in N. The 
cuvette (Parkinson Leaf Chamber, Analytical De- 
velopment Co.) contained a capacitive humidity 
sensor and a high-speed fan to increase boundary 
layer conductance. Boundary layer conductance 
was estimated for open and rolled leaves using 
filter paper leaf replicates or calculated from cu- 
vette wind speed and leaf dimensions (NOBEL 
1983). Gas-exchange measurements were made 
at midmorning in the growth chamber; thus, air 
temperature, relative humidity, and irradiance 
were as above. Measurements were made at mid- 
leaf on recently fully expanded leaves held per- 
pendicular to the light source. Net assimilation 
and stomatal conductance to water vapor (gf)
were calculated using the equations of VON CAEM-
MERER and FARQUHAR (1 98 1) and were based on 
projected leaf area for both open and rolled leaves. 
We assumed that cuticular conductance was neg- 
ligible. To determine the effect of rolling on total 
leaf conductance, gas-exchange measurements 
were made while the leaves were rolled and after 
the leaves were forcibly opened. 

Leaf water potential ($) was measured on gas- 
exchange leaves using a Scholander-type pressure 
chamber (model 1000, PMS Instrument Co., 
Corvalis, Oreg.). Relative water content (RWC) of 
midleaf segments was calculated from fresh (FW), 
saturated (SW), and dry weight (DW) [RWC = 

FIG.2.-Net carbon assimilation (A) ,stomatal conductance 
to water vapor (gsl) ,and silhouette-to-total-area ratio (STAR) 
versus leafwater potential ($) of open (0)and rolled (@) leaves 
of Andropogon gerardii. After rolling began ($ < - 1.8 MPa), 
data were collected with leaves in a rolled configuration and 
after forcibly unrolling. See Material and methods for further 
explanation. 

(FW - DW)/(SW - DW)]. Saturated weight was 
determined after leaves rehydrated overnight; dry 
weight was determined after drying at 60 C for 
48 h. 

The degree of leaf rolling was expressed as the 
ratio of silhouette (projected) leaf area of rolled 
leaves (midvein oriented downward) to total pro- 
jected leaf area following unrolling (CARTER and 
SMITH 1985). Silhouette-to-total-area ratio 
(STAR) ranged from one for open leaves to zero 
for folded leaves of A. gerardii and approached 
zero in rolled leaves of S. pectinata. 

Energy budget calculations were used to esti- 
mate the effect of leaf rolling on E and leaf tem- 
perature (TJ .  Boundary layer (gbl) and total leaf 
(gtot) conductance, leaf-to-air vapor pressure def- 
icit (LAVPD). and E were calculated for ooen 
leaves of each species using typical values o i  gt 
for water-stressed plants (see figs. 2 and 3, open 
symbols at -3 MPa), and field measurements of 
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FIG.3.-Net carbon assimilation (A), stomatal conductance 
to water vapor (gsr),and silhouette-to-total-area ratio (STAR) 
versus leafwater potential ($) of open (0)and rolled (0)leaves 
of Spartina pectinata. After rolling began ($ < -2.0 MPa), 
data were collected with leaves in a rolled configuration and 
after forcibly unrolling. See Material and methods for further 
explanation. 

air temperature (T,), TL,relative humidity, and 
wind speed (OLD1 969; KNAPP1 984). The above 
parameters were then calculated for leaves as 
though they were rolled, incorporating expected 
changes in boundary layer thickness and incident 
solar irradiation (S) associated with rolling. Since 
adaxial stomata of both species were closed in 
completely rolled leaves, changes in gtot with roll- 
ing were attributable to differences in gbl; gst did 
not change. Transpiration and gfwere expressed 
as a function of projected area of open leaves 
(one-half total leaf area), whether leaves were open 
or rolled, in all energy budget calculations. 

Prior to rolling, leaves of A. gerardii and S. 
pectinata were strongly arched, but midleaf sec- 
tions used for gas-exchange measurements were 
approximately horizontal. Therefore, for energy 
budget calculations we assumed that open leaves 
of both species received full sunlight. Because 
lamina of folded leaves of A, gerardii are typically 

oriented normal to the sun (personal observa- 
tion), incident irradiation per unit leaf area (solar 
and IR) is identical for open and rolled leaves 
(W. K. SMITH, personal communication). Rolled 
leaves of S,pectinata are essentially cylindrical, 
so incident solar irradiance must be corrected for 
cosine effects (i.e., energy flux density on curved 
surfaces is less than for flat surfaces of equal width 
because incident irradiation is distributed over 
more surface area). Cosine corrections were ac- 
complished by multiplying incident solar irra- 
diance by the STAR value of the rolled leaf 
(W. K. SMITH, personal communication). Ab- 
sorbed infrared irradiation (from surroundings 
and sky) does not require cosine correction. 

It was assumed that leaf absorptance, reflec- 
tance, and angle did not change with rolling. Spe- 
cific values used in the energy budget calculations 
were as follows: relative humidity = 40%; baro- 
metric pressure = 1,000 mbar; leaf width = 1.0 
and 0.5 cm for open and rolled leaves of A. ge- 
rardii, respectively, and l .5 and 0.5 cm (STAR = 
'13) for open and rolled leaves of S. pectinata, 
respectively; wind speed = 1 m s-I; leaf absorp- 
tance of solar irradiation = 0.5 (for both leaf sur- 
faces); reflectance of solar irradiation by sur-
roundings = 0.2; and leaf emittance of infrared 
radiation = 0.96. Absorptance, reflectance, and 
emittance coefficients are taken from NOBEL 
(1 983). 

Results 
The ratio of adaxial to abaxial gf(ad/ab; O/o of 

total) was determined for both species in a pre- 
liminary experiment. Stomatal conductance in 
Andropogon gerardii was predominantly abaxial 
(25/75) and was entirely adaxial in Spartina pec- 
tinata (100/0). Rolled leaves of both species were 
functionally amphistomatal (i.e., total conduc- 
tance was identical for top and bottom) because 
the outer surface of rolled leaves was derived from 
the abaxial surface of open leaves. Therefore, 
rolled leaves were treated as having an adaxial to 
abaxial conductance ratio of 50/50. For com- 
pletely rolled leaves of S, pectinata, adaxial and 
abaxial conductances were primarily cuticular. 

Failure to correct gbl for stomatal distribution 
can lead to significant errors in calculation of gf. 
This is especially true when the boundary layer 
is large, as was the case with the cuvette used in 
this study. Stomatal and boundary layer conduc- 
tances are given in table 1 for open well-watered 
and rolled drought-stressed leaves with either 
symmetrical (50/50) or asymmetrical (25/75 for 
A. gerardii and 100/0 for S. pectinata) distribu- 
tion of gf.The error in calculation of gfis small 
(<5%) for both species at low I), when leaves are 
rolled and gris low. At high I) when leaves are 
open and gris high, however, incorrect assump- 
tion of stomatal distribution results in a signifi- 
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TABLE 1 

STOMATALAND BOUNDARY LAYER CONDUCTANCE OF OPEN 

WELL-WATERED AND ROLLED DROUGHT-STRESSED LEAVES 

Andropogon gerardii Spartina pectinata 
open Rolled Open Rolled 

g"': 

50/50. .  . . . . . . .  1,100 1,350a 1,000 1,070= 

25/75, 100/0 . . 825a 1,013 500= 535 

gsl: 
50/50 . . . . . . . . .  224 50= 286 30= 

25/75, 100/0 . . 240" 5 1 400" 3 1 

NOTE.-Units are mmol m-2 s-I for both stomatal (gsf) and 
boundary layer (gbl) conductance to water vapor. Leaves were 
treated as having either symmetrical (50/50) or asymmetrical 
(25/75 and 100/0 for A. gerardii and S. pectinata, respec- 
tively) distribution of gst;comparisons should therefore be 
made within columns. 

a Calculations made with the actual distribution of gslfor 
each species and leaf configuration. See Results for further 
explanation. 

cant error in gt(7% in A. gerardii and 29% in S. 
pectinata). These errors become very large for S. 
pectinata, which has high maximal g" and a high- 
ly asymmetrical distribution of g". Subsequent 
gas-exchange data presented in this paper are 
based on grdistributions of 25/75 and 100/0 for 
open leaves of A. gerardii and S. pectinata, re-
spectively, and 50/50 for rolled leaves. 

Net carbon assimilation and grdeclined con- 
tinuously with decreasing $ in A. gerardii (figs. 
2a and 2b) and ceased at $s well below those at 
which rolling occurred (fig. 2c).Leaf rolling began 
at ca. - 1.8 MPa and was complete by -2.8 MPa. 
Stomata1 closure and hence A did not approach 
zero until $s below -6 MPa; therefore, carbon 
fixation occurred over a wide range of $s in rolled 
leaves of A. gerardii. Values of A and g1for folded 

leaves were ca. twofold higher than values for 
forcibly opened leaves over the entire range of $s 
when such measurements were made. Thus, ad- 
axial stomata in rolled leaves of A. gerardii were 
closed, and doubling of gas-exchange values with 
rolling resulted from uskg half as much leaf area 
in the calculations. In contrast. A and a"' in S. 
pectinata approached zero with the coipletion 
of leaf rolling (ca. -3 MPa) and remained near 
zero when these leaves were forcibly unrolled (fig. 
3). Leaf rolling is therefore accompanied by ces- 
sation of gas exchange in S. pectinata. 

Leaves were completely rolled by 85% RWC 
in S, pectinata but not until 70% in A. gerardii. 
Net assimilation and gtdeclined to zero by ca. 
85% and 35% RWC in S.pectinata andA. gerard-
ii, respectively (data not shown). 

Our energy budget model predicted decreases 
in E and T, of 7% and 1.1 C, respectively, in A. 
gerardii, and 13% and 2.0 C, respectively, in S. 
pectinata with rolling (table 2). Decreases in E 
were attributable to reduced LAVPD. The effect 
of higher gbl associated with rolling on gtotwas 
minor because gfwas very small relative to gbl 
by the time leaf rolling occurred. Reductions in 
TL, and thus LAVPD, resulted primarily from 
increases in sensible (convective and conductive; 
Jc)heat loss associated with increased gblfollow-
ing rolling in A. gerardii and from reduced S in 
S. pectinata. 

Discussion 
It is often suggested that leaf rolling is impor- 

tant in decreasing E under conditions of limited 
water availability (e.g., OPPENHEIMER 1960; 
O'TOOLE and CRUZ 1979; BEGG1980). The con- 
tribution of rolling to reducing E, however, de- 
pends on several factors including stomatal dis- 
tribution and the degree and pattern of stomatal 

TABLE 2 


TRANSPIRATION, SOLAR IRRADIANCE, SENSIBLE HEAT LOSS, AND LEAF TEMPERATURE 


Andropogon gerardii Spartina pectinata 

O ~ e n  Rolled O ~ e n  Rolled 

g"' (mmol m-2 s-I) . . . . . . .  
g.' (mmol m-2 s-I) . . . . . . .  
gtO' (mmol m-2 s-I) . . . . . .  
LAVPD (mole fraction) . . 
E (mmol m-2 s-I) . . . . . . .  
s (W m-2) . . . . . . . . . . . . . .  
P (W m-2). . . . . . . . . . . . . .  
T,, (C). . . . . . . . . . . . . . . . . .  
TL(C). . . . . . . . . . . . . . . . . .  


NOTE.-Abbreviations are as follows: @' = boundary layer, g.' = stomatal and gtot 
= total leaf conductance to water vapor; LAVPD = leaf-to-air vapor pressure deficit; 
E = transpiration; S = incident solar irradiance; J' = sensible (convective and con- 
ductive) heat loss; T,, = air temperature; and TL= leaf temperature. See Material and 
methods for further explanation. 
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opening at low $. For example, adaxial stomata restricts potential carbon gain and may put the 
are closed in rolled leaves of Andropogon gerardii plant at a competitive disadvantage. Leaf rolling 
and Spartina pectinata (this study), but remain coupled to complete stomatal (en)closure is con- 
partially opened in rolled leaves of rice (O'TOOLE sistent with a drought avoidance strategy and 
and CRUZ 1980). O'TOOLE and CRUZ (1 979) ob- might be expected in mesic species. Leaf rolling 
served significant decreases in E when well-wa- and stomatal closure are complete by -3 MPa 
tered leaves of rice were artificially rolled. How- in S. pectinata. Andropogon gerardii, in contrast, 
ever, leaf rolling is normally accompanied by maintains positive A and g' at $s below -6 MPa 
decreases in $ and g t ;  thus their study overesti- (this study; KNAPP 1985), well after rolling occurs. 
mates the contribution of rolling to reduced E. Because leaves ofA. gerardii fold rather than roll, 
No one has determined the effect of rolling on E resistance to water loss and hence carbon gain is 
in water-stressed plants by measuring E of rolled not as great in closed leaves. The leaf rolling strat- 
and forcibly opened leaves. Our calculations sug- egy of A. gerardii is therefore consistent with its 
gest that for xater-stressed A. gerardii and S.  pec- relatively high degree of drought tolerance. 
tinata, E is indeed lower in rolled relative to The narrow range of $s over which leaf rolling 
opened leaves. However, the magnitude of this occurs in A. gerardii and S. pectinata is similar 
decrease is small. to other species (Sorghum bicolor [BEGG 19801; 

To estimate the contribution of leaf rolling to Oryza sativa [O'TOOLE and CRUZ 19801; Agro-
water conservation beyond that associated with pyron dasystachyum [RIPLEY and REDMANN 
stomatal closure, we calculated the percentage re- 19761). This range is shifted to lower $s in field- 
duction in E attributable to rolling versus re- grown plants, plants grown in larger pots, and 
duced g'. Transpiration rates were calculated for plants that have experienced successive droughts 
typical well-watered leaves (g" = 240 and 400 (personal observation). Thus, the level of water 
mmol m-2s-1 for A. gerardii and S. pectinata, stress at which rolling occurs appears to depend 
respectively) using the same climatic data used on growth conditiorls and drought precondition- 
in the energy budget calculations, except that leaf ing. 
temperatures were assumed to be 2 C lower than Energy budget calculations indicated that leaf 
those given for open leaves in table 2 because of rolling in A. gerardii and S. pectinata decreases 
increased latent (evaporative) heat loss. These TL and E by increasing Jcand reducing S.  Because 
values were compared to E of rolled and opened of decreases in TL, rolling probably also increases 
water-stressed leaves (table 2). Stomata1 closure A and water-use efficiency. The photosynthetic 
alone caused a decrease in E of 73% for A. ger- temperature optimum for A. gerardii is ca. 30- 
ardii and 88% for S. pectinata. Leaf rolling de- 34 C (KNAPP 1985), and TL is likely to be higher 
creased E an additional 2% in each species. Thus, than this during drought (KNAPP 1984). Increases 
leaf rolling was of secondary importance in re- in leaf angle and reflectivity were not considered 
ducing water loss relative to stomatal closure for in this study but accompany rolling in many spe- 
these species. cies and would further reduce TL and E (RIPLEY 

O'TOOLE and CRUZ (1980) and REDMANN and REDMANN 1976; BEGG 1980). Additionally, 
(1 985) suggested that partial leaf rolling may serve in the hot, sunny, and dry environment of the 
to increase g' by providing a more favorable mi- tallgrass prairie, leaf rolling, through reduced ir- 
croenvironment, such as increased relative hu- radiance and TL, may serve to decrease the prob- 
midity, for adaxial stomata. In rice, adaxial g' ability of photoinhibition. GAMON and PEARCY 
was less sensitive to water stress than was abaxial (1 989) observed photoinhibitory damage in Vitus 
gt(O'TOOLE and CRUZ 1980). We saw no evi- californica when paraheliotropic leaf movement 
dence of a differential response of adaxial versus was restricted. Similarly, curling reduced pho- 
abaxial stomata to drought for A. gerardii. In a toinhibitory damage in desiccated Selaginella 
preliminary experiment, the ratio of adaxial to lepidophylla (LEBKUECHER 1990).and EICKMEIER 
abaxial giremained unchanged prior to comple- Decreases in E and TL associated with rolling, 
tion of leaf rolling (unpublished data). If g' were though small, may increase the probability of sur- 
enhanced, the repercussions for whole plant water vival of grasses in water-limited prairie habitats. 
loss would probably be minimal, given the nar- 
row range of $s over which rolling occurs in most Acknowledgments 
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